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Abstract 

We use the equations of motion to simplify the general form of fermion- 
fermion-Higgs interactions generated by dimension-six gauge-invariant effective 
operators. After removing redundant operators it is found that the most general 
Hfifj vertex for off-shell fermions fi, fj and an off-shell Higgs boson only involves 

■ scalar and pseudo-scalar terms, without derivatives. Examples are presented for 

■ the Htt and Htq interactions, where q = u,c, giving the explicit expressions of 
the vertices in terms of gauge-invariant operators. The new operator equalities 

' obtained here also reduce the number of operators relevant for the Ztq vertices, 

although the general form of these interactions is not simplified with respect to 
| previous results. 
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The discovery of the Higgs boson is one of the main goals and motivations of the Large 



Hadron Collider (LHC). If this particle is finally found, as it is widely expected, its 
discovery will constitute a major advance in our understanding of electroweak symme- 
try breaking. The study of its properties and couplings to the Standard Model (SM) 
particles will then be of the greatest importance to determine its nature and fully un- 



derstand the symmetry breaking mechanism, and it may possibly provide signals of 
new physics beyond the SM. On the other hand, the top quark also deserves special 
interest among the known fermions. Being the heaviest quark, effects of new physics 
on its couplings are expected to be larger than for other fermions, so it is hoped that 
deviations with respect to the SM predictions might be found with precise measure- 
ments of its couplings. Hence, in the case of the top-Higgs couplings the measurements 
have added relevance, also bearing in mind that the top itself might have a special role 
in electroweak symmetry breaking due to its large mass. 

It is known since some time that effects of new weakly coupled physics at a high 
scale A can be described by an effective Lagrangian [1-3] 
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where O x are dimension-six gauge-invariant operators and C x are complex constants. 
The dots in the above equation stand for higher-dimension operators neglected in this 
work, whose contributions are suppressed by higher powers of A. The framework of 
effective operators is very convenient to describe the effect of new physics in fermion 
couplings. In particular, for the top quark the effective operator contributions have 
been already obtained, for third generation couplings [4-7] and also including intergen- 
erational mixing [8-13]. 

The usefulness of the effective operator approach arises from the fact that any new 
physics contribution (in our case, at order 1/A 2 ) can be parameterised in terms of a 
complete operator basis, and this framework is then completely general. But it is also 
very important to have such a basis in a minimal form. In this direction, a great effort 
was done in Ref. [3] to remove redundant operators and reduce the set of independent 
O x . (This can always be done by using the equations of motion, even for off-shell 
particles or when loop corrections are considered [14,15].) Still, few redundant ones 
remained, as pointed out in Ref. [16], and recently the set of independent operators 
has been further reduced [13]. This latter simplification has been particularly useful, 
because it implies that the most general fermion-fermion-gauge boson interactions, 
including the SM contributions as well as those from dimension-six operators, can be 
parameterised in full generality with only 7 M and a^qu terms, where q v is the gauge 
boson momentum. In this paper we extend previous work and obtain new operator 
equalities which allow to simplify the general form of the Hfifj interactions among 
two fermions fi, fj and the Higgs boson. For brevity, we concentrate ourselves on Htt 
and Htq interactions, although the results are general for all fermions. Among the 
operators listed in Ref. [3], those contributing to the Htt and Htq vertices are 

Off = i^SD^iquj^qv), 

0% = i^D^umrunj), (2) 

where we have already omitted several operators already shown to be redundant [13]. 
(We denote the quark fields as qu, v-m, d Ri in standard notation, with i,j = 1,2,3 
flavour indices.) The first operator in Eqs. (T5]) gives scalar fifjH and pseudo-scalar 
filbfjH contributions to the vertices, while the three remaining ones give derivative 
terms of the type fi^Pififjd^H. However, in this paper we will show that these 
derivative interactions are redundant and can be dropped. Indeed, instead of using the 
operators 

U <f>q ' U <t>q ' °>u' V 6 ) 
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with i,j = 1,2,3 to parameterise new physics contributions, one may equivalently use 
the sums and differences of operators with i < j = 1, 2, 3, 



U <t>q 

U 4>9 

Qi+3 



U <f>q 
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(ij*)\t 
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For i ^ j the equivalence of both sets is evident, whereas for i = j the change of 
basis amounts to decomposing the operators in Eq. (with complex coefficients in 
general) into their hermitian and anti-hermitian parts (with real and purely imaginary 
coefficients, respectively). As we will show, the opposite-sign combinations in Eqs. (j3J) 
are redundant and therefore they can be dropped from the operator list. For a pair of 
different flavour indices % ^ j this reduces the number of relevant operators: the six 
operators O l J , 0^ in Eq. ([3]) are replaced by the first three ones in Eqs. (jlj), namely 
0* +J ' with i < j. For the same flavour i = j the three operators O™ are replaced 
by their hermitian parts O l +\ The advantage of this change of basis, apart from the 
reduction in the number of relevant operators, is that the same-sign combinations O^- 7 
in Eqs. (BJ do not give Hfcfj vertices because the derivative terms originating from O l J 
and (O^Y exactly cancel. Hence, the structure of these vertices is reduced to scalar 
and pseudo-scalar terms. 

It is important to remark here the importance of simplifying the general form of 
the fermion interactions with the gauge and Higgs bosons. First, because the number 
of relevant parameters necessary to describe the vertices is reduced, with an obvious 
advantage for the study of anomalous interactions and the extraction of limits from ex- 
perimental data: the dimensionality of the parameter space is reduced and the analyses 
are greatly simplified. Additionally, the presence of more variables than the ones really 
needed would lead to "perfect" correlations in the limits obtained on them, which ap- 
parently would suggest that certain combinations of variables cannot be experimentally 
measured. However, these correlations only reflect the fact that some parameters can 
actually be eliminated from the analysis. A second advantage concerns Monte Carlo 
generation of the new signals, because with an adequate choice of gauge-invariant op- 
erators the number of diagrams and anomalous interactions contributing to a given 
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process is reduced, which is quite useful for the development of generators for non-SM 
processes. In the case of the top quark, generators for top production processes involv- 
ing anomalous couplings [17] benefit from the simplification of the interactions with the 
W and Z bosons, the photon and the gluon. One must note, however, that different 
operator bases may always be choosen to parameterise new physics effects [10-12], and 
results for cross sections, branching ratios, etc. will clearly be basis-independent. But it 
is also clear that an adequate selection minimising the number of parameters necessary 
to describe the most relevant top quark production and decay processes considerably 
simplifies the calculations. 

In this paper we first prove in section [2] the operator equalities which allow to drop 
the opposite-sign combinations in Eqs. ((H) . Then, we present in section [3] the minimal 
Htt and Htq vertices, and in section [4] we discuss how the operator replacements made 
affect gauge boson vertices. Although the structure of the latter is not simplified 
with respect to previous work [13], the number of contributing operators decreases 
in some cases. In section [5] we summarise our results. Appendix [A] studies in detail 
quark mixing. Since the equalities obtained in section [2] relate operators which do not 
contribute to quark masses to other ones which do, understanding their implications 
for Htt, Htq vertices requires a correct account of quark mixing effects. In appendix [Bl 
it is shown with an explicit example that the trilinear vertex replacements dictated by 
the operator equalities give the same results in amplitude calculations. Finally, the 
contributions of the relevant effective operators to the Htt and Htq vertices, as well as 
to quark masses, are collected in appendix O 

2 Effective operator equalities 

In this paper we approximately follow the notation in Ref. [3]. The conventions and 
signs used for covariant derivatives, the equations of motion, etc. are given in detail in 
Ref. [13]. Using the definitions in Eqs. ([2j), the last three operators in Eqs. (jlj) can be 
written as 




( ^' j) = l -[^D,<P+{D^)^]{q La y Lj ) = \D^^){q u rqL J ), 

017 = ~ [0^0 + (IV) V] (5) 



Integrating by parts, and using for the first operator the equality 



D^iP = r l D^ + ge IJK WlT K i> , (6) 
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for ip 



qLj (or any SU(2) doublet), we have 
1 
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Then, using the quark equations of motion it is then easy to find that 
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where Y u , Y d are the up and down quark Yukawa matrices, respectively, and 

°%> = (4> ] 4>)(qLid Rj 4>) . 



(8) 



(9) 



These relations show that the operators on the left-hand side are redundant. Notice 



that for O 



(3,i-i) 
4>q 



the terms involving Pauli matrices can be simplified after using the 



equations of motion, because 



(10) 



being ipi any SU(2) doublets. 

The operator equalities in Eqs. ([Sj) imply in particular that, in the calculation of 
gauge-invariant quantities, the derivative contribution to the top-Higgs trilinear vertices 
from the operators 0^ q l ~*\ O^ 1 , O l ^J can be replaced by the scalar and pseudo- 
scalar contributions from the right-hand side of the corresponding equations, provided 
that all the remaining operator contributions, if any, are included. It must be noticed, 
however, that Eqs. ([Sj) relate some operators (on the left-hand side) which do not 
contribute to quark masses to some others which do contribute (the combinations on the 
right-hand side). Therefore, quark mixing plays a central role in the correct extraction 
of relations among trilinear vertices from the gauge-invariant operator equalities. This 
issue is discussed in detail in appendix O In appendix [B] it is shown with an explicit 
example that the derivative terms can indeed be replaced by (pseudo-) scalar terms in 
amplitude calculations. 

Finally, it is worth pointing out that for brevity we have restricted ourselves to 
operators involving the top quark, but for other operators involving only down-type 
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quarks or leptons, 

0« =i(^D^)(d iH 7'*d J y), 

0% = i^D^){e Ra »e Rj ), (11) 
the same reckoning applies, and only the sums O l J + (Offi are relevant. 

3 General Htt and Htq interactions 

We give here general expressions for the Htt and Htq vertices arising from dimension- 
six gauge-invariant operators, excluding the redundant ones. The Lagrangians given 
here are valid for off-shell particles and do not make any assumption about fermion 
masses and mixings, because the proof that ( ^~ j) , and O^J are redundant 

involves arbitrary Yukawa matrices. The contributions to the Htt and Htq vertices of 
the effective operators in Eqs. ([2]) are collected in appendix ICl for complex coefficients 
C x . 



3.1 Htt vertex 

For i — j — 3, one may in full generality replace the gauge-invariant operators 0^ q 33 \ 
O^ 33 ^ and by the hermitian ones 



o£ 3+3) = \ {^m^LZ 

i 



ol + u 3 = -(^Dy)(u m Yu m ). (12) 

These substitutions simplify the form of the Htt interaction, because the contributions 
of the new operators to this vertex identically vanish. Thus, the most general Htt 
vertex including the SM Yukawa coupling as well as corrections from dimension-six 
operators is 

C Htt = ~ t (>f + iY t A y 5 ) t H . (13) 
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with Y t v = y/2m t /v, Y t A = in the SM at the tree level. The contributions from 
dimension-six operators are 

^ = ~l ReC ^T^ 

^ = ~l lmC ^- (14) 
We point out that this effective Lagrangian, while being completely general, is far 
simpler than the one given in previous literature [6,7] which involves several derivative 
terms. 



3.2 Htq vertices 

For different flavour indices % ^ j, the six operators , and 0^ u can be 

replaced by the three same-sign combinations 

OlV = \{^<t>){uml»u Rj ) . (15) 

This reduces the number of operators relevant for FCN interactions and, more impor- 
tantly, it simplifies the form of the Htq vertices because the operators in Eqs. ( 1T51) do 
not contribute (the contributions of both terms identically cancel). Then, the most 
general flavour-changing Htc vertex arising from dimension-six effective operators can 
be written as 

L mc = ~^f (VctPL + VctPn) t H + H.c. , (16) 

where 77^ = 77^ = in the SM at the tree level. The contributions from dimension-six 
operators are 

e L ^ ^32* ^ 

d7 lct = ~2 G W> ^2 ' 

= -\ c z^- (17) 

For the Htu vertex the results are analogous by changing the flavour indices 2 — ► 1. 
These effective Lagrangians are also simpler than the ones previously found [8,9]. We 
remark here that equivalent Lagrangians have been used to study top FCN processes 
induced by Htq couplings [19], namely top pair production with FCN decay of one top 
quark and associated Ht production. Those studies are thus completely general from 
the point of view of dimension-six effective operators. 
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4 Contributions to gauge boson vertices 



The change of operator basis performed with the substitution of 0^^\ O^' 1 ^ and 
0^ u by 0^ + ^\ Ofa t+ ^ and O l ^J does not modify the general Lorentz structure of the 
top quark gauge interactions, which only involve 7 M and a^ u q v couplings as shown in 
Ref. [13]. For photon and gluon interactions the effective Lagrangians remain the same 
because 0^ q 1 ^ and 0^ u do not contribute. For the W and Z boson interactions 

there are few modifications. The additional operators contributing to these vertices 
but not to Higgs couplings are 

0% = (qu^u Rj )4>B, u . (18) 
The Wtb vertex is still parameterised as [18] 

Cwtb = -^=b-f(V L P L + V R P R )tW- 

Q — %G^ W Q 

~72 b "mw {9lPl + 9rPr) 1 w » + Hx - (19) 

Within the SM, Vj, equals the Cabibbo-Kobayaski-Maskawa matrix element V t b — 1, 
while the rest of couplings Vr, gi and qr vanish at the tree level. The contributions to 
these couplings from dimension-six gauge-invariant operators are 

at/ - r^ 3 ' 3+3 )* y2 x n _ ^r 33 * y2 

oV L -^ H — , dg L - VZC dW — , 

SV R = l C %>T*> ^R = V2Ctl^ 2 . (20) 

The only difference with respect to Ref. [13] is the replacement of the operator coeffi- 
cient 

/nr(3,33) ^-y(3,3+3) \ 

Notice however that since 0^ 3+3 ^ is hermitian, its coefficient C^' 3+3 ' ) is real in order to 
ensure the hermiticity of the Lagrangian. The other contributions to the Wtb effective 
vertex are complex in general. The Ztt vertex is parameterised as [13] 

Cztt = --^-i^ (X t L t P L + X t R P R -2s 2 w Q t )t Z, 

9 -t^(4 + idh 5 )tZ,, (22) 



2c w M z 
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with Q t = 2/3 the top quark electric charge. Within the SM, these couplings take 
the values X^ t = 2T 3 (tx,) = 1, = 2T 3 (tji) = 0, where T 3 denotes the third isospin 
component, and dy = dj 
operators are 



at the tree level. The contributions from dimension-six 



8X& 



6X« 



✓-,(3,3+3) ^,(1,3+3) 



— C 3+3 — 
4>ti \2 



V 

A 2 



5d v = V2Re [c w CH - s w Cf B<t \ 



v 

A 2 

A 2 



5d z A = V2lm [c w C™ w - s w C 3 uB<t> ] — . 
The differences with respect to the results in Ref. [13] are the replacements 

Red 3 ; 33) 



(23) 



.-,(3,3+3) 



Re C 



(1,33) 



Re Cg 



c 



(1,3+3) 



3+3 



(24) 



which do not reduce the number of operators involved nor the number of parameters 
needed to describe the Ztt vertex, because the coefficients C x on the right column 
of Eqs. (}24l) are real. Finally, for Ztq vertices the number of relevant contributing 
operators is reduced. The Ztc vertex can still be parameterised with the Lagrangian [13] 

9 



Ztc 



2c w 



{k^P l + k«P r ) t Z, + H.c. 



g _ta liu q u 
-c 



2c w ~ M z v ' a '^ ' " ct ~ ±bJ ' ~' ' "-' ^ 
but the anomalous couplings depend on a smaller number of effective operator coeffi 
cients (five instead of eight), 

2 



,-,(3,2+3) 



,-,(1,2+3) 



V 

A 2 ' 



2 * u A 2 ' 



8X*- 

5n L ct = V2 [c w C^ - s w Cf*,] £ , 

v 2 

$ K ct = ^ [°wClw - s w Cl 3 B ^\ — , 



(26) 



We see that the differences with respect to the results in Ref. [13] are the replacements 



--,(3,23) , ^,(3,32)* 



C 



(1,23) 



+ c 



(1,32)* 
4>q 



^(3,2+3) 
^(1,2+3) 



C23 I ,—,32* 
4>u °</m 
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2+3 



(27) 
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For Ztu couplings the Lagrangian is similar, and the effective operator contributions 
are obtained by replacing the flavour indices 2 — > 1. 

5 Summary 

If the Higgs boson is found at LHC, the experimental measurement of its properties and 
couplings, in particular those involving the top quark, will be of utmost importance 
to investigate whether it is the SM Higgs or there is any new physics associated to 
electroweak symmetry breaking. Hence, an adequate parameterisation of the most 
general Higgs interactions with fermions is fundamental, and finding a minimal one 
involving the smallest parameter set is very useful. With such a minimal set the 
interpretation of experimental measurements in terms of the underlying physics, e.g. 
limits on new physics at a higher scale, is considerably simplified. 

In this paper we have shown that the fermion-fermion-Higgs interactions arising 
from dimension-six gauge-invariant effective operators can be described in full gener- 
ality using only scalar fifjH and pseudo-scalar fij 5 fjH terms. The key for this useful 
result is the derivation of new relations among gauge-invariant operators using the 
equations of motion. These relations allow to drop several redundant operators which 
give derivative terms of the type fij^P^Rfjd^H, while the remaining operators do not 
give such contributions. We have given explicit examples for the top quark, namely the 
Htt, Htu and Htc vertices, writing the anomalous couplings in terms of coefficients of 
gauge-invariant operators. 

The new operator relations found do not simplify the structure of the fermion- 
fermion-gauge boson vertices which, as previously shown [13], involve only 7 M and 
a^qv couplings, with q u the boson momentum. Nevertheless, for the Wtb vertex they 
imply that the correction from effective operators to the SM coupling V t b is real, and 
for Ztu, Ztc interactions the number of relevant effective operators contributing to 
each effective vertex is reduced from eight to five. 

The simplification of the top-Higgs vertices, which completes the study made for 
top gauge interactions, is also very useful to build Monte Carlo generators for new 
processes beyond the SM. In this way, single top production through FCN couplings 
and top pair production with FCN decay of one top quark have been added to the 
Protos generator [17], using the minimal sets of anomalous Ztq, jtq, gtq and Htq 
couplings obtained. The advantage of these minimal sets is that they greatly simplify 
the calculations for the most relevant top production processes at LHC, reducing the 
number of parameters, Lorentz structures and diagrams required in a gauge-invariant 
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calculation of amplitudes. But, more importantly, the dimensionality of the parameter 
space to be investigated (and on which constraints are to be placed) is reduced roughly 
by a factor of two, which is a tremendous advantage for phenomenological studies. 
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A Operator equalities and quark mixing 

Once that it has been shown that the operators Oi^' 1 , o9^~^ and % ^J are redundant, 
they can be removed from the operator basis in the same way as many other redundant 
operators are [3]. Still, it is illustrating to see how the operator equalities in Eqs. (jHJ) 
translate into relations among Hfifj couplings. In other words, we are interested in 
investigating how the derivative terms included in these operators can be replaced by 
(pseudo-)scalar terms in the calculation of gauge-invariant quantities. Quark mixing 
plays a central role in this derivation: while Ojh % ^ , 0}£ ^ and % Z* do not contribute 
to quark masses, the combinations obtained from them using the equations of motion 
give non-diagonal corrections to the mass matrices. In this appendix we obtain such 
replacement relations for the simplest case, the operator O l ^J , and taking i = 2, j = 3 
for definiteness. The remaining cases are completely analogous. In appendix[B]we show 
with an example that such replacements give the same result in amplitude calculations. 

We can assume without loss of generality that the up-quark Yukawa matrix is 
diagonal. (In absence of dimension-six operator contributions to quark masses, this 
implies that the weak and mass eigenstates coincide.) Then, the operator equality for 
is 

2 f u 3 = \ [Of u - (Of J] = \ [Y-Otl ~ YssiO^Y] . (28) 
For brevity, we denote as Oj?~ 3 the right-hand side of this equation, 

0^^\[Y^-Y^{0^] . (29) 

The operator 0^~ 3 does not give corrections to quark masses. Its contribution to the 
Htc vertex is (see appendix [C|) 

aO 2 ^ + «*(Oj- 3 )t D i°- [a csrftR - a* t R ^c R ] d,H , (30) 
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where a stands for C^ u 3 /A 2 . On the other hand, 0^ u 3 induces non-diagonal Yukawa 
terms, 

a0 2 f u 3 + a*(0^y D ^= [a(Y£ c' L t' R - Y£c' R t> L ) + a* (Y£t> R c> L - Y& i' L c' R )] . (31) 

In this case we denote the weak eigenstates with primes to distinguish them from the 
mass eigenstates, which are obtained after diagonalising the mass matrix for up-type 
quarks. Introducing the small dimensionless parameter e = av 2 /4 = C|~ 3 (i>/A) 2 /4, 
the mass term for up-type quarks is 



-{u L c' L i' L )-j= 



( Y u 
Mi 
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(w R \ 





1 22 


F yu 
bI 22 




c' R 


V o 


-e*Y 33 


^33 
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+ H.c. 



(32) 



At first order in e, the relation between weak and mass eigenstates is 



u 



L,R 



ul,r ; c' L = c L , c' R = c R - et R ; t' L = t L , t' R = t R + e*c R . 



(33) 



We can now compute the contribution of 0^ u 3 to the Htc vertex. The first one comes 
from the operator itself, 

a0 2 f u 3 + «*(Oj; 3 )t d _ [a(Y£ c L t R - Y£c R t L ) + a*(Y£t R c L - Y 3 % t L c R )\ H . (34) 

Notice that in this equation we have replaced weak by mass eigenstates at first order 
in e, because they are already multiplied by terms of order e. The second contribution 
to the Htc vertex comes after writing the SM Yukawa interactions, which are diagonal 
in the primed basis, 

1 



£y = -^[m>>* + YZ c' L c' R + Y^t' L t' R ]H 
~ [yjT u' r u'l + Y£ c'rc'l + Yg f R t' L ] H 



(35) 



in terms of the mass eigenstates ul jR , cl jR , tj_, tR . This additional contribution coming 
from mixing is 



Ay/2 



\a{-Y 2 \c L t R + Ygc R t L ) + a*(-Y 2 u *i R c L + Y£t L c R )] H , 



(36) 



so that the total contribution when a0^ u 3 + a* (0^ u 3 y is added to the SM Lagrangian 



is 



2^/2 



HY 2 U 2 c L t R - Y£c R t L ) + a*(Y 2 u 2 *i R c L - i L c R )} H . 



(37) 
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Comparing Eqs. (l30l) and (1371) . and introducing the quark masses m c = Y^v/y2, 
m t = K^u/vS, we observe that the operator equality implies the replacements 

ic R ^t R d^H -> (m c c L t R - m t c R t L )H , 
-ii R ^c R d^H -> (m c i R c L - m t i L c R )H . (38) 

These substitutions are exactly the ones that can be applied for on-shell i and c quarks, 
because d^H = iq^H, with q = p t — p c , and the Dirac equation can be used to simplify 
j^and j4 However, the operator equality in Eq. ( 1281 ) is more general, and valid for off- 
shell particles as well, provided that all contributions from gauge-invariant operators 
are taken into account. 

B Rewriting derivative terms in amplitude calcula- 
tions 

As we have seen in appendix[A], the operator equalities in Eqs. ([Sj) imply that derivative 
terms in Htt, Htq interactions can be replaced in amplitude calculations by scalar and 
pseudo-scalar terms, if all contributions from the gauge-invariant effective operators 
involved are taken into account in the amplitudes and a gauge-invariant set of Feynman 
diagrams is considered. For example, the replacements for the Htc vertex are 

Chith -> m t c L t R - m c c R t L , 

c R 4t R -> m t c R t L - m c c L t R , (39) 

plus the hermitian conjugate, being q = pt—p c the (outgoing) Higgs boson momentum. 
These replacements are trivial if both the top and charm quarks are on-shell, because 
in this case they follow from the application of the Dirac equation. In this appendix 
we show explicitly with a simple amplitude calculation that this is also the case for 
off-shell quarks. For convenience, we define the "off-shell" operator 

e> ff = c y(uj L P L + UrPr) - m t {uo R P L + uo L P R ) + m c {uj L P L + oorPr)} t + H.c. , (40) 

where ojl and u R are complex constants. This operator is defined as an arbitrary 
derivative contribution minus the (pseudo-)scalar terms by which it can be replaced, 
according to Eqs. (|39l) . It can also be written as 

O oS = (urPl + u L P R )(3k-mt) - {tf c -m c ){u L P L + u R P R ) + H.c. , (41) 

which is a much more convenient form for computations. Here we calculate the am- 
plitude for gc — > tH, involving the two diagrams in Fig. HJ The gray circles stand 
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for an anomalous vertex involving q. In order to show that the replacements in 
Eqs. (l39l) can be done in this process (where the h anomalous interaction involves 
off-shell quarks) it is sufficient to show that the sum of the amplitudes corresponding to 
both diagrams cancel. In this simple process, the only contributions to the amplitude 
from the gauge-invariant operators considered are the Htc trilinear vertices, although 
this is not always the case, and for gauge boson vertices additional quartic diagrams 
sometimes appear [13,17]. 

c H 




.9 t 

Figure 1: Feynman diagrams contributing to gc — > tH. 




We label the momenta of the gluon, the external charm and top quarks and the 
Higgs boson as pi, P2, p% and p^, respectively. Using the on-shell conditions for the 
charm (top) quark involved in the anomalous interaction in the first (second) diagram 
and using (jf+m)(j/— m) = p 2 — m 2 to simplify the propagators, the two amplitudes 
read, in standard notation, 

A a 

M t = -g s —u(pz)^(uj L P L + u R P R )u(p 2 ) e M (pi) , 
A a 

M s = g s —u{p z ){uj R P L + uj L P R )Yu{p 2 )e^p 1 ), (42) 
and it is clear that M. t + M. s = 0. 



C Operator contributions to top-Higgs interactions 
and quark masses 

We collect here the effective operator contributions to top-Higgs interactions and quark 
masses. We use the shorthand ot x = C x /A 2 , and drop the indices on the a constants. 
Our expressions coincide with those in Refs. [6,7]. The contribution of the operators 
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in Eqs. ((2j) with % = j = 3 to the Htt vertex are 

a0 (3,33) + ^ (0 (3,33) )t D Ima,^^, 

«0^ 33) + a*(0£ 33) )t D -Ima.tiA^, 
aOf u + a*(Of u Y D -Ima^^c^, 

aOS + a*(OS) f 3 ^[Rfiatt + ilmat75t]#. (43) 
The contributions to top FCN vertices with the Higgs boson are given by 

aOff + a*(0ff)i D -i V -[a u Li ^u Lj - a*u L rfu Ll ] d,H , 
aO^f + a*(Offy D i V -[a u L ^n Li - a*u L ^u Ll ] d,H , 



3f 
2V2 



aO % L + a*(Ol,) t D [a w Li w fij + a*M Ri M Li ] H , (44) 



with i,j = 1,3/3,1 for Htu and i,j = 2,3/3,2 for iftc. Finally, the only operator 
contributing to quark masses is O^,, 



v 3 



a0 u<t> + a *i.°u<p) ] D ^ [« + • (45) 
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